Epidermal application of 2 mm-cadmium (Cd2+) to the SO2-4-
The active transport of Na+ by the frog skin is known to be enhanced by application of cadmium (Cd2+) into the bathing medium as evidenced by increases in the short circuit current and in the potential difference of the skin (BORGHGRAEF et al., 1971; HILLYARD and GONICK, 1976) . Although BORGHGRAEF et al. (1971) tested the effects of the epidermal and dermal application of Cd2+, their results were not consistent in regard to the differences in effect by the side of application.
We previously found that the epidermal application of Cd2+ caused an in-crease in the short circuit current (SCC), whereas the dermal application did not. The increase in the SCC induced by epidermally applied Cd2+ was associated with an increase in the potential difference (PD), a decrease in the skin resistance (RM), a decrease in the resistance to the active Na+ current (RNa as defined by USSING and ZERAHN, 1951) , and no change in the electromotive force of active Na+ transport (ENa) (HAYASHI et al., 1977a) . The decrease in RNa appeared to coincide with the decrease in RM which was located between the outer surface of the skin and s. germinativum . The increase in SCC caused by epidermally applied Cd2+ could not be ascribed to its effect on Na+, K+-ATPase activity (TAKADA and HAYASHI, 1978a) . On the other hand, the reason for the ineffectiveness of dermally applied Cd2+ is still unknown. The present study was carried out in an attempt to clarify the nature of differences in effect of Cd2+ with application. For this purpose, the differences in tissue uptake of cadmium and its distribution within the skin were compared using two methods of application. Also, the difference in effect on SCC was carefully examined in both the whole skin and the isolated epidermis . The results of the study indicate that the differences can be ascribed to the difference in accessibility of Cd2+ to the outside and inside barriers for Na+ transport mechanism: the deposition of cadmium in the sieve layer of dermis may be a major factor for the ineffectiveness of the dermal application of Cd2+.
Preliminary accounts of this work were given elsewhere (TAKADA and HAYASHI, 1978b Values are mean +l S.E.M. (6 cases). * 2 mM , 2 min, ** not significant, *** singificant (P<0.01).
5. Cadmium-uptake into an isolated epidermis When 2 mM-Cd2+ was applied to the isolated epidermis for 20 min, cadmiumuptake by the epidermis was analyzed in relation to SCC. Table 2 summarizes the effects of epidermal and dermal Cd2+ in the isolated epidermis. The SCC was increased about 57% on the average in the case of the epidermal application, while the dermal application decreased the SCC slightly (about 6% on the average). Though there were remarkable differences in effect between the epidermal and dermal application of Cd2+ on SCC, no significant difference was observed in the amount of cadmium taken up between the sides of Cd2+ application (P>0 .5). 
DISCUSSION
The present study was undertaken in order to elucidate the reason for the difference in Cd2+ effect by the side of its application. The epidermal application of Cd2+ enhanced the active Na+ transport as evidenced by an increase in SCC in both whole skin and isolated epidermal preparations. The dermis was approximately 10 times as thick and weighty as the epidermis. Assuming cadmium evenly distributed in the whole skin, cadmium uptake per wet weight in the whole skin should be the same as that of the isolated epidermal preparation. But, this is not the case. The cadimum uptake per wet weight by the whole skin preparation treated with Cd2+ from the epidermal side was about 1/19 of that by the isolated epidermis treated similarly. These findings suggest that cadmium may be distributed in the epidermis exclusively and that there may be an outside barrier in the epidermis for penetration of Cd2+ from the epidermal to the dermal side.
We obtained the association constant (Ka) of cadmium to hypothetical binding sites within the epidermis by replotting the data of Fig. 3 (Fig. 7) . A similar analysis was carried out on an ATP-cardiolipin system by HYMAN (1977) . In Fig. 7 the highest rate of SCC increase obtainable is assumed to relate full binding of Cd with hypothetical Cd sites in the epidermis, and the remaining points are Vol.30, No.2, 1980 Fig. 7. The increase in SCC induced by 8 mm Cd2+ is assumed to be due to approximate maximal binding of Cd with Cd site. The SCC's of the remaining points in Fig. 3 The increase of the SCC by epidermal Cd2+ can not be ascribed to the activation of Na+, K+-ATPase activity (TAKADA and HAYASHI , 1978a) . The increase might be rather due to the activation of Na+ entry process as evidenced by decrease in the resistance of the outer surface of the skin with little change in EN a . Amiloride is considered to selectively block the Na+ entry process. Further observations are needed to examine whether Cd2 + may counteract with amiloride on the same channel.
In contrast to the epidermal application of Cd2+, its dermal application caused no appreciable change in SCC of the whole skin . The Cd uptake into the whole skin from the dermal side was much higher than that from the epidermal side. Therefore, we cannot explain the ineffectiveness of the dermally applied Cd2+ only in terms of the amounts of cadmium uptake . The two-step increase in cadmium uptake from dermal side (Fig. 4) suggested that there were multilayerbarriers for Cd in the whole skin; i . e., Cd uptake was relatively small for initial 6 min of incubation with 2 mM-Cd2+ on the dermal side , but it increased about 3 times after 20 min incubation . The above deduction was supported by the results of XMA; namely, there were Cd peaks corresponding to the inner most layer, tela subcutanea (the first inside barrier, TAKADA et al ., 1978) , the sieve layer in dermis in which there was a large amount of cadmium in exchange of normally existed calcium deposits (the second inside barrier, HAYASHI et al., 1977b) , and the junction of dermis and epidermis (basement membrane and its adjacent tissues , the third inside barrier) in the cross section of the whole skin .
The activity of Nat, K+-ATPase was completely inhibited by 10-4 M Cd2+ (TAKADA and HAYASHI, 1978a) . The average concentration of cadmium by the dermal application of 2 mm-Cd2+ to the isolated epidermis was approximately 3 mm (Table 2 ). If we assume that Cd2+ does not invade into the inside of the cell, then the concentration of cadmium which may binds to outside of the cell should be much higher than 3 mM. This concentration of cadmium is enough for the complete inhibition of Nat, K+-ATPase (TAKADA and HAYASHI , 1978a) . In this experiment, however, dermal application of Cd2+ to the isolated epidermis did not completely inhibit the SCC (Fig. 6) . This suggests the concentration of cadimum was not actually so high around the location of Nat , K+-ATPase inside the epidermis that a fraction of SCC still remains because of partial impediment of cadmium by the third inside barrier in the isolated epidermis .
Repeated dermal application of Cd2+ to the isolated epidermis destructed the third inside barrier so heavily (collagenase treatment may help Cd2+ to pass through the third barrier), that some Cd2+ would probably invade into the ATPasesite (FARQUHAR and PALADE, 1965) ; thus the SCC became less (Table 1) .
Dermal application of La3+ caused no change in SCC, but in contrast to dermal application of Cd2+, La3+ attained to the outside barrier from inside (MARTINEZ-PALOMO et al., 1971) . Dermal application of Cu2+ increased the SCC which was almost a half of the percent increase in SCC caused by epidermal ap- Vol.30, No.2, plication of Cu2+ (FERREIRA, 1970) . This suggests there is a weak inside barrier for Cu2+ in epidermis. The concept of the outer and inner barriers was first introduced by KOEFOED-JOHNSEN and USSING (1958) which was concerned with the K+ and Na+ permeability. The outside and inside barriers are also assumed to explain the mechanism of amiloride and ouabain (cf. MORENO et al., 1973) . These hypothetical barriers remain to be compared with Cd barriers in respect to their nature, numbers, and location in the skin.
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